The auto-ignition of a pulsed methane jet issuing into a coaxial laminar coflow of hot exhaust gas from a lean premixed hydrogen/air flat flame has been studied experimentally by means of high-speed optical diagnostics. The downstream location of the first auto-ignition kernel as well as the stabilization height of the steady-state lifted jet flame and the auto-ignition time were determined by OH* chemiluminescence (CL) measurements. OH planar laser-induced fluorescence (PLIF) was used to determine further details of the auto-ignition with a higher spatial resolution and increased sensitivity. In order to three-dimensionally reconstruct the ignition kernel location in space and only include ignition kernels in the PLIF processing that first occurred inside the laser light sheet, broadband luminosity imaging from a viewing angle perpendicular to the PLIF and CL measurements was performed. The coflow temperature was varied in the temperature range between 1566 K and 1810 K in order to study the influence of the coflow temperature on the autoignition height, auto-ignition time, and on the lift-off height of the steady lifted jet flame. In addition, detailed model simulations were performed to study the influence of temperature and strain on auto-ignition in reacting mixing layers.
Introduction
Auto-ignition of fuel in hot oxidizer is of importance in several technical systems, such as internal combustion engines, gas turbine (GT) combustors employing reheat combustion or flameless combustion and scramjets. In GT combustion, auto-ignition can lead to a flame in an undesired region, such as the mixing duct, where fuel is injected into hot air or exhaust gas from a first combustion stage [1, 2] . In swirl flames with a recirculation zone the auto-ignition of mixtures of recirculating hot exhaust gas and fresh gas can contribute to the flame stabilization at the flame root [3] .
The physics and chemistry underlying auto-ignition are highly complex and very sensitive to boundary conditions, such as temperature, pressure, strain rate, turbulence level, gas composition, or scalar dissipation [4] . In recent years, direct numerical simulation (DNS) of auto-ignition has contributed substantially to the understanding of auto-ignition [4] . However, for turbulent combustion systems various aspects of autoignition are still not well enough understood and the computation of mixing and chemistry under those conditions remains challenging [5] .
With the development of innovative high-speed cameras and laser systems [6] , the time-resolved study of auto-ignition processes is accessible experimentally. Optical and laser-based investigations have been performed on several configurations of auto-ignition in transient injection processes. Sadanandan et al. [7] studied the ignition of hydrogen/air mixtures by a jet of hot exhaust gases and Bruneaux [8] examined the injection of a diesel surrogate jet into hot air at elevated pressure. Fast et al. [9] and Haessler et al.
[10] studied the auto-ignition after the pulsed injection of dimethyl ether (DME) into a constant pressure atmosphere at elevated temperature. Oldenhof et al. [11] investigated the pulsed injection of natural gas into hot exhaust gas of a hydrogen/air flame with Reynolds numbers of 4100 and 8800. One difficulty in these experiments lay in the accomplishment of well-defined boundary conditions, for example, providing a homogeneous gas distribution within the coflow (or ambient gas) or knowledge of the temperature of the fuel jet. Arndt et al. [12] studied the pulsed injection of a turbulent methane jet into the hot exhaust gas of a hydrogen/air flame and the subsequent auto-ignition in a simple configuration with defined boundary conditions.
The present study focuses on the influence of the coflow temperature on auto-ignition and subsequent flame stabilization of a pulsed methane jet, which is injected into the hot exhaust products of a lean premixed hydrogen/air flat flame at atmospheric pressure. The setup is similar to other jet-in-hot-coflow burners [13] [14] [15] . However, previous experimental [13] [14] [15] [16] and numerical [13, [17] [18] [19] [20] studies focused on the flame stabilization mechanism of the stably burning lifted jet flame at steady-state conditions (jet-in-hot-coflow).
From these studies it was concluded that the lifted flame is stabilized by auto-ignition.
The focus of the present study lies on the initial auto-ignition of a pulsed methane jet, the subsequent flame stabilization and the influence of the coflow temperature on those phenomena. Simultaneous OH planar laser-induced fluorescence, OH* chemiluminescence and broadband flame luminosity imaging have been applied at a sustained repetition rate of 5 kHz to study the spatial and temporal onset of auto-ignition kernels, and the development of the steady-state lifted jet flame. Model simulations of auto-ignition were performed to gain insight into the role of temperature and strain rate onto auto-ignition and to assist the interpretation of experimental results.
Experiment and diagnostics
Parts of the experiment as well as the burner and the data evaluation process have been described in the literature before [12, 21, 22] , so only the key parameters of the experimental setup and data analysis are presented here.
Burner
A schematic of the DLR Jet-in-Hot-Coflow (DLR JHC) burner is shown in Fig. 1 . A lean premixed hydrogen/air flame was stabilized on a quadratic (75 by 75 mm 2 ) bronze sinter matrix. The flame was confined by a square 80 by 80 mm 2 combustion chamber with a height of 120 mm to prevent any disturbance of the flow. The combustion chamber was equipped with four quartz windows held by steel posts in each corner. The nozzle was a stainless steel tube (inner diameter 2 mm, outer diameter 3 mm). The tip of the nozzle was 8 mm above the matrix. Pulsed methane was injected into the nozzle through a 2/2 way spider valve (Staiger VA 204-5), located approximately 250 mm below the tip of the nozzle.
The operating conditions are summarized in Tab. 1. The flow rates were controlled with Brooks MFC 5850 mass flow controllers and monitored with calibration standard coriolis flow meters (Siemens Sietrans Mass 2100) with an accuracy of 1.5% [24] . The accuracy of the calculated adiabatic flame temperature (T ad ) was estimated by assuming the highest uncertainty of the flow rates and calculating T ad for these cases. It was on the order of ±2%. Previous measurements in a similar configuration have shown that the exhaust gas temperature stays very close to T ad if heat loss to the matrix is minimized [25] . To meet this criterion the velocities of the unreacted gas were chosen to exceed 0.7 m s -1 . The velocity of the coflow of the hot combustion products was held constant at 4 m s -1 . A coriolis meter in line with the CH 4 -injection system was used to calculate the bulk flow velocity and the exit Reynolds number. The exit velocity for the steadystate jet was 100 m s -1 and the Reynolds number was 13,000 for all examined cases. The stagnation pressure in front of the valve between pulses was 2 bar. [27] . At chemical equilibrium the OH concentration increases with temperature and lies above the LIF detection limit above T ≈ 1500 K.
Planar laser-induced fluorescence (PLIF)
O + H 2 → OH + H
Chemiluminescence (CL) and broadband flame luminosity imaging
Electronically excited OH (termed OH*) in hydrocarbon flames is formed in the reaction layer via [28, 29] . The dominant degradation pathway is via collisional quenching, but a small amount also involves the emission of light
Imaging of OH* CL was performed using an identical high-speed camera and intensifier setup as for the PLIF, but mounted on the opposite side of the burner.
Broadband flame luminosity was recorded with an additional high-speed CMOS camera (LaVision HSS 6), looking along the axis of the laser light sheet. This enabled the identification of auto-ignition events where the first ignition kernel was inside the laser light sheet.
Measurement procedure
Before the measurements, the matrix burner was run for at least 10 min to achieve thermal equilibrium.
Then, a trigger started a fixed-length recording of the cameras, and 2 ms later the solenoid valve received a trigger and started the pulsed jet. This procedure was repeated 80 times with a rate of 0.5 Hz, corresponding to approximately 65 times the coflow advection time (v coflow / combustion chamber height) for CH 4 injection durations of 55 ms. This enabled the flowfield to regain the stationary state without jet in between runs.
After 80 recording cycles the images were downloaded to the measurement computer and the sequence was repeated. Two repetitions, resulting in a total of 160 runs, were conducted for each flame condition (except for Flame 1, where only 80 runs were performed).
Data reduction and analysis
After background correction and filtering, the OH* CL images were converted to black and white by using a threshold. Noise from the image intensifier (visible as spots in the b/w image) was filtered out by defining a minimum size for the auto-ignition kernels. All spots with a smaller size were defined as noise.
The auto-ignition height h ign was defined as the lower edge of the first detected auto-ignition kernel. In case of several auto-ignition kernels, the position of the kernel with the lowest axial position was used. The autoignition time τ ign is defined here as the time span between the jet exiting the fuel nozzle and the appearance of the first auto-ignition kernel that was observed by OH* CL. The jet development was measured with a high-speed Schlieren system. In the near-field the jet development was reproducible and very similar for all operating cases. The jet exited the nozzle 2.9 (±0.2) ms after the trigger for the valve. The measurement error of the auto-ignition height due to image slip was estimated by calculating the flame kernel convection during image exposure and between frames. In the CL measurements, the image slip was 0.2 mm during exposure and 1 mm between frames, for the broadband luminosity it was 1 mm both inframe and interframe.
Numerical modeling of the auto-ignition process
As a guideline for the interpretation of the experimental findings, numerical model simulations were performed. Auto-ignition scenarios in counterflow-configurations were simulated, where hot exhaust gas from H 2 /air mixtures (corresponding to mixture fraction f = 0) flowed versus methane (corresponding to f = 1). This approach represents a microscopic viewpoint, where an ignition in a laminar mixing layer between methane jet and surrounding hot coflow is studied.
Temperature, pressure and composition of the inlet streams were set to the nominal values of the experiment.
For the exhaust gas, adiabatic equilibrium for a given hydrogen/air mixture was assumed. Simulations were performed for all coflow conditions studied in the experiment (cf. Tab. 1). To assess the influence of coflow temperature, simulations with this temperature set 30 K below the adiabatic value were performed, and the influence of the flow field on auto-ignition was investigated by repeated simulations with varied values of the strain rate. Here, a mixture-averaged transport model was used (equal diffusivities of all species, Le = 1). For comparison, the simulations were repeated with a detailed transport model, including the Soreteffect. The influence of the transport model on ignition delays was negligible.
The simulations were initialized with sigmoidal profiles of temperature and species, resulting from inert mixing of hot coflow and methane jet, with steep gradients of the scalars (e.g., (dT/dz) max. = 2×10 7 K m −1 ), to mimic the initial steep gradients at the jet boundary when it exits the nozzle.
The conservation equations for these conditions were solved on a one-dimensional spatial domain by a time-accurate unsteady approach, using a detailed description of chemical reactions (mechanism for the oxidation of methane) and of transport terms [26] .
In addition, to determine ignition delay times in homogeneous mixtures of methane and exhaust gas, homogeneous reactor calculations were performed. These represent the limiting case of ignition without any interference by transport and help to better understand the influence of transport processes on ignition delay times.
Results and discussion

Temperature influence on auto-ignition and flame stabilization
The influence of the coflow temperature T co f low on the steady jet flame is shown in Fig. 3 The same behavior is observed for LOH avg , but with a steeper slope than for h ign . LOH avg was determined by measuring the average lift-off height of the steady-state lifted jet flame for each of the individual ignition events (by taking the average lift-off height over a period of 10 ms). For Flame 1 the mean auto-ignition height is slightly smaller than the mean lift-off height. This indicates that auto-ignition presents a significant or even the dominant contribution to flame stabilization. For all other flames it was vice versa, in other words, after auto-ignition the flame moved slightly upstream. The question arises whether this shift is due to flame propagation or another mechanism, like the formation of secondary ignition kernels that occur later in time at a lower axial location. For the steady burning Flame 3 it was frequently observed that auto-ignition kernels appeared below the mean lift-off height, propagated downstream and merged with the flame base [12] . This observation backs the interpretation that the flame is at least partially stabilized by auto-ignition.
The upstream shift of the flame after auto-ignition might be a result of the influence of thermal expansion and increase of viscosity at the flame base on the approaching unburned gas flow.
Influence of strain and scalar dissipation
It is well-known that the auto-ignition probability depends significantly on the local mixture fraction and strain rate (or scalar dissipation rate) [4] . These quantities could not be measured in the current experiment. However, to assess their influence on auto-ignition, simulations of a counterflow arrangement were performed. Figure 6 shows the computed ignition delay times τ id and their dependence on the strain-rate G. The values given for G here refer to the location and time where auto-ignition first occurred, and τ id was defined as the time when the OH concentration rises to twice the OH concentration of the coflow. This is approximately the sensitivity of the PLIF system, as will be discussed below. τ id cannot be compared directly to the experiment, because of the simplified treatment of the flow field in the simulations. The trends of both the experimental and calculated results however, can be compared and the influence of strain can be evaluated. The measured and simulated ignition delay times show similar slopes, but τ ign(exp.) tends to be larger than τ id(sim.) . The absolute difference between the ignition delay times for the hottest and coldest coflow is higher in the experiment, i.e. ∆τ id = 0.7 ms for the simulations (for a small strain rate) and ∆τ ign = 1.7 ms for the experiment. This difference can be explained by the higher influence of strain on the ignition time for lower temperatures. In comparison, also the ignition delay time for a homogeneous reactor at the fastest igniting mixture fraction is shown in Fig. 6 . It is evident, that for the homogeneous reactor, τ id is significantly smaller than in the detailed model simulation including transport, even for very small G, since even with no strain transport processes affect the chemistry.
The simulations show that, for small strain rates, the ignition delay time is hardly influenced by the strain rate. With increasing strain, the ignition delay becomes significantly influenced by the strain and finally the strain inhibits auto-ignition completely. The critical strain rate G crit above which no auto-ignition occurs increases with coflow temperature; for the coflow temperatures studied here, G crit ranges between 1000 and 5000 s -1 . The influence of strain rate is strongly temperature dependent, i.e. the minimal strain rate that influences the ignition delay becomes lower for decreasing coflow temperatures. Also, the ignition delay becomes more sensitive to strain at lower temperatures. The difference in absolute values of the ignition delay between the experiment and the simulations can possibly be explained by the high expected strain rates at the jet boundary and thus a high influence of strain on τ ign . Near the nozzle, the turbulent jet exhibits a smooth, laminar-like boundary with high scalar dissipation rates in the boundary layer, as can be seen from Schlieren measurements [12] . Further downstream, the boundary layer becomes corrugated and the scalar dissipation rate and strain rate vary significantly. The relatively low scalar dissipation rates in the bulges of the boundary layer favor auto-ignition in those locations. This behavior was observed in theoretical and experimental studies [4, 12] and is also demonstrated in Fig. 7 , which will be discussed below. Thus, the auto-ignition time is at least partially controlled by the flow field.
The minimum axial location of observed auto-ignition for a given temperature (see Fig. 5 ) also shows a temperature dependence, which flattens out for higher temperatures. This suggests that, below a critical downstream location, strain becomes too high to allow auto-ignition, independent of the coflow temperature. Similarly, for the higher coflow temperatures no auto-ignition kernels were observed below the flame base, which also rules out the formation of secondary ignition kernels at lower axial locations. This assumption, however, needs further evaluation from additional experiments.
Most reactive mixture
Due to the difference between the initial temperatures of methane and the oxidizer auto-ignition is expected to occur at very lean mixtures. For a homogeneous reactor, the mixture fraction with smallest ignition delay has been calculated and is termed f mr here. f mr is about 1 % of the stoichiometric mixture fraction (see Table 1 ) with values of f mr ≈ 10 −4 . This means that auto-ignition is expected at the outmost periphery of the fuel jet. In this context the question arises whether the onset of auto-ignition can be captured by the diagnostic methods applied here. In previous measurements it was observed that OH PLIF is more sensitive than chemiluminescence imaging for the detection of the onset of auto-ignition, at least for the conditions prevailing in this setup [12, 22] . Figure 7 shows an OH PLIF image sequence of an auto-ignition event (coflow Flame 2) where the first ignition occurred within the PLIF laser sheet, as was determined from the camera recording the broadband luminosity. In the first frame, the equilibrium OH from the coflow can be seen as faint blue signal left and right of the cold inflowing methane jet (black region in the center of the frame). The composition of the coflow is known (see Tab. 1), with the OH mole fraction being on the order of 2 × 10 −4 . The auto-ignition kernel that is observed in the subsequent frame at (x/z) (-8 mm/26 mm) forms in a bulge of the inflowing jet, where scalar dissipation and strain rate are expected to be low [4, 12] .
Here, the PLIF signal is approximately double the signal of the coflow, corresponding to a mole fraction of approximately 4 × 10 −4 . The PLIF signal does, however, not only depend on the mole fraction of OH, but also on other parameters such as temperature and composition (via quenching, ground state population, collisional effects), so these numbers only give an estimation of the system sensitivity. But factors (besides OH concentration) influencing the LIF signal (temperature, quenching and collisional broadening) hardly change between f ≈ 0 and f ≈ 0.3, which is the relevant range for ignition. The same sensitivity is assumed for all coflow conditions, since the PLIF signal from the equilibrium OH can always be well distinguished from the region of the inflowing cold methane jet. Therefore, auto-ignition can be detected in very lean mixtures of the flow, close to the fastest igniting mixture fraction f mr . It is to note that the sensitivity of the OH* chemiluminescence system was not evaluated and is expected to be lower than that of the PLIF system. Typically, the auto-ignition could be observed in the OH* CL 1-2 frames (corresponding to 0.2-0.4 ms) later than in the PLIF frames. The location of maximum OH* CL and OH LIF signal do not necessarily overlap. In the simulations shown, OH* CL reactions were not included. The accuracy of the currently available reaction mechanisms for chemiluminescent species under the complex conditions of this experiment is uncertain. Qualitatively, however, the incorporation of reactions for OH* from Kathrotia et al. [29] into our mechanism revealed that the locations of maxima of OH and OH* differ in space and time.
Conclusions
High-speed OH* chemiluminescence and OH planar laser-induced fluorescence (PLIF) measurements have been performed on the auto-ignition of a pulsed methane jet issued into a vitiated coflow. The exhaust gas of a lean premixed hydrogen/air flame provided the coflow with temperatures between 1566 K and 1810 K with an oxygen content between 10.2 and 7.7 mol%. The height of the first auto-ignition kernel, the auto-ignition time and the lift-off height of the corresponding steady-state jet flame in dependence on the coflow temperature have been studied. The experimental results have been complemented by detailed model simulations.
For the dependence of the auto-ignition time on the coflow temperature, the experiments and calculations exhibited the same trends, however, the calculated ignition times tended to be shorter. This was attributed to the influence of strain, which is expected to be very high in the lower start regions of the jet, where the boundary layer is quite smooth without corrugations. The appearance of corrugations (regions with locally lower strain) further downstream increases the probability of auto-ignition. This was confirmed experimentally by the preferred occurrence of auto-ignition sites in bulges and is also known from theoretical studies.
For the Flames 2-7, it was observed that the mean lift-off height of the steady burning flames was slightly smaller than the height at which first auto-ignition kernels appeared. This behavior could not be explained but it is conjectured that the thermal expansion and increase of viscosity which come along with the establishment of the flame base might reduce the strain in the approaching flow of unburned fuel/oxidizer mixtures. Here, high-speed flow-field measurements would ideally complement the data set.
The calculation of a homogeneous reactor showed that the fastest igniting mixtures for this configuration are very lean at about 1% of the stoichiometric mixture fraction. Thus, auto-ignition is expected to occur at the outer edge of the methane jet, where the physical and chemical conditions are dominated by the coflow.
The comparison of the OH PLIF signals with the calculated OH mole fractions revealed that the high-speed PLIF system is capable of detecting the very onset of auto-ignition close to the fastest igniting mixture fraction.
The presented setup has proven to be well-suited for auto-ignition studies of fuel jets in hot coflows. Further experimental efforts will target at higher repetition rates for the imaging diagnostics and the application of further techniques like Rayleigh scattering for the determination of the mixture fraction and possibly particle image velocimetry for the study of the flow-field. The colorbar is normalized to the maximum signal intensity of the image series.
